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Experimental Measurement of Impact Response
in Carbon/Epoxy Plates

Yibo Qian* and Stephen R. Swansonf
University of Utah, Salt Lake City, Utah

The response of carbon/epoxy laminates to transverse impact is of considerable importance due to the
susceptibility of these materials to delamination and fiber breakage under impact loading. Experiments and
simple analytical approaches are desired for understanding the behavior during impact. In the present study,
emphasis was placed on establishing scaling rules for relating laboratory-scale experiments to impacts on larger
structures. The scaling rules were first derived from the governing differential equations of the linear impact
response problem. Impact experiments were then carried out on AS4/3501-6 carbon/epoxy plates with the plate
dimensions, projectile dimensions, and impact parameters all varied according to the scaling rules. The results
were found to follow the scaling rules quite closely. A dynamic model of laminates subjected to impact was
developed by using a Rayleigh-Ritz procedure. The predicted strain response agreed very well with the measured
response, and supported the conclusions of the experiments regarding scaling rules.

I. Introduction

LAMINATED fiber composites are susceptible to impact
damage due to their lack of through-the-thickness rein-

forcement. Since the impact resistance properties are not pure
material properties, but instead are very much dependent on
the dynamic structural behavior, an understanding of the dy-
namic response of composite structures subjected to impact
loading is of great importance.

Impact tests on various composites have been conducted
previously1"5 providing evidence of reduction in strength and
insight as to the modes of failure. A number of studies have
been carried out on the impact response of laminated plates.6'17

The physical phenomena involved in the impact event in-
clude structural dynamic response, Hertzian contact effects
(indentation), and both in-plane and through-the-thickness
wave phenomena. The relative importance of these various
effects depends upon the characteristics of both the impactor
and the structure. It is, therefore, desirable to separate these
effects.

Sun et al.6~9 have performed a number of tests on laminated
beams and plates, and have shown that the static indentation
law is reasonably adequate in dynamic impact analysis. Daniel
et al.11 and Sun and Wang7 have concluded that the in-plane
membrane deformation is negligible, and that the deformation
is dominated by bending. The influence of transverse shear
deformation on behavior of laminated anisotropic structures
can be expected to be large due to the lower transverse moduli.
Whitney and Pagano18 and Birman and Bert19 confirmed that
shear deformation is an essential factor influencing the behav-
ior of laminated plates even in the fundamental mode.

Dobyns14 has considered the analysis of thin simply sup-
ported orthotropic plates subjected to static and dynamic

loading by assuming that the loading histories were known. In
this case solutions for plate deflections, bending strains, and
normal shear forces can be obtained easily by expanding the
displacements, rotations, as well as the load in appropriate
Fourier series. In general, however, the force history is not
known but must be obtained as part of the solution. Boundary
conditions other than simply supported have been analyzed by
means of the Rayleigh-Ritz procedure, using assumed mode
shapes based on combinations of the mode shapes for beams.
The procedure has been outlined by Vinson and Sier-
akowski,21 and recently employed by Cairns and Lagace.15

Because of the expense of testing large composite structures,
it is very helpful to use structural scale model testing. How-
ever, the accuracy of this approach is open to question. Mor-
ton discussed the problems related to scaling of laminated
fiber composites.20 It was shown that generally complete scal-
ing of a composite prototype is not possible. For example, the
diameter of fibers and the thickness of individual laminae
cannot be scaled. Also, in geometric scaling without explicit
consideration of time effects, the change in time scale with
geometric scaling may introduce differences in response due to
viscoelastic effects in matrix deformation.

In order to evaluate the scaling rules, an experimental inves-
tigation was made into the impact response of carbon/epoxy
plates. The plate dimensions, impactor dimensions, and im-
pact parameters were all varied according to the scaling rules
derived from the governing differential equations of the linear
impact problem. An analytical model based on the Rayleigh-
Ritz procedure was developed to predict the impact response
of the specimens. The experimental and analytical results were
compared with each other, and also compared with the scaling
rules.
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II. Scaling Rules
The scaling rules for a specially orthotropic laminated plate

subjected to impact loading can be obtained from the follow-
ing differential equations which govern the impact response21:

d2ct

m0)



1070 Y. QIAN AND S. R. SWANSON AIAA JOURNAL

d2B w

(2)

f ,̂
= /^-7 (3)

This set of equations should describe the common features of
a prototype and model if all of the variables are scaled from
the prototype to the model. It is assumed that the lay up can be
scaled and that the variables may be related to each other by

(4)

in which Tp and Tm are typical variables such as displace-
ments, strains, time, etc., for the prototype and the model,
respectively, and \T is the scale factor related to these vari-
ables. For example, X*. is length scale in the x direction. Substi-
tuting Eq. (4) into the first governing Eq. (1) yields

x2 / 12 dt2 (5)

In the above, it has been assumed that the same material is
being used, so that the in-plane stiffnesses Ay scale as thick-
ness and the bending stiffnesses £>/, scale as thickness cubed.
Thus, the density will be unchanged, so that X p = 1. The
necessary condition of similitude between Eqs. (5) and (1) is
the equality of the scaling factor products in parentheses in
Eq. (5). This gives the following rules:

= 1,
X?

= 1 (6)

Following this procedure with Eqs. (2) and (3) gives three
more rules:

Xyy
= 1 (7)

By requiring strain similitude, we also have Xd = I and X0 = 1.
Combining Eqs. (6) and (7) results in the following scaling
rules:

— = 1 — = 1 — = 1 — = 1
X/, \h \h

(8)

The above relations show that geometric scaling must be ob-
served. Additionally, it should be noted that time must also be
scaled. For example, if a plate prototype reaches full deflec-
tion after 100 ms, then a tenth scale model (X = 0.1) will reach
its maximum deflection after 10 ms.

The total impact force on the plate can be obtained from the
contact pressure p(t,x,y):

(9)F(t) = p(t,x,y) dxdy

From the previous result, \p = 1 in Eq. (8), it can be seen that
if the contact area is geometrically scaled by X2, then the total
force will also be scaled by X2. Similarly, the impact energy is
found to be scaled by X3. If the impact velocity is the same for
the prototype and the model, the mass of the impactor has to
be scaled by X3.

In summary, if the geometry of plates is scaled as X, the
strain in the plates is constant with scaling if the impact
velocity V0 is unchanged. Also, the contact force scales as X2,
and, if the contact area also scales geometrically, the contact
pressure is unchanged. If the impactor also scales geometri-
cally, the impactor mass scales as X3. Furthermore, the strain
should increase linearly with impact velocity. A consideration
of the time of response indicates that the time to maximum
load and strain will scale as X.

Even though the scaling rules derived above are for specially
orthotropic laminated plates, the same scaling rules can be
derived for plates with coupling terms. These scaling rules were
also obtained by Morton20 for laminated beams subjected to
transverse impact loading, using dimensional analysis.

III. Experiments
A special compressed air gun has been developed for impact

testing of composite plates. The schematic diagram for the
setup is shown in Fig. 1. The projectiles used were cylinders
with a hemispherical tip, instead of the more commonly used
spherical projectiles. The use of cylindrical projectiles per-
mitted the independent variation of projectile characteristics
such as mass and impact tip diameter. It also facilitated a
highly repeatable apparatus, as the impact velocity could be
accurately controlled. This is believed to be due to the tighter
seal which was obtained between the projectile and the barrel
by using a cylindrical projectile as opposed to a spherical
projectile. A light-emitting diode and photodetector were lo-
cated near the end of the barrel to determine the velocity of the
projectile. By adjusting the pressure of the compressed air in
the tank of the air gun, the velocity of the projectile could be
varied from 3-60 m/s (10-200 ft/s).

In order to evaluate the scaling rules derived previously,
experiments were carried out to investigate the impact response
of AS4/3501-6 carbon/epoxy plates which were furnished by
Hercules Aerospace, Magna, Utah. The plates were geometri-

Projectile Photo _
/ Detector

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

Fig. 1 Air gun impact test setup.
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Fig. 2 Geometry of projectiles.
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Fig. 3 Impact test specimen.

cally scaled in five sizes, from 50 mm x 50 mm x 1.072 mm
thick (8 plies) to 250 mm x 250 mm x 5.36 mm thick (40 plies)
(2 x 2 x 0.042 in. to 10 x 10 x 0.211 in.). If the scale factor is
termed A, the dimensions of the plates were thus scaled by
X = 1,2,3,4, and 5. The layup was [(±72)x/02x]s. The projec-
tiles used were constructed in five different diameters scaled
as X so that a total of five different barrel sizes were em-
ployed, with their inside diameters ranging from 6.4-31.8 mm
(0.25-1.25 in.). The mass of each projectile varied from
2.86-358 gm (from 0.0063-0.79 Ib), scaling as X3. For each
projectile size, three tip diameters were used, their values
being 1, Vi, and 1A of the corresponding barrel diameter. The
geometry of the projectiles is shown in Fig. 2.

The plate specimens were clamped on two opposite edges
and were free on the other two edges, as shown in Fig. 3. The
clamping width was !/s of the plate size on each of two oppo-
site edges. The clamped edges were normal to the 0-deg fibers,
and the direction of these fibers was designated as the A'-direc-
tion. The plates were instrumented with resistance strain
gages, located behind the impact point (location A) and away
from the impact center (location B) (Fig. 3). The size of the
strain gages was scaled along with the plate sizes, in order to
eliminate uncertainties with averaging the measured strain
over the area of the gage. Impacts were performed with low
velocities at 4.57 m/s (15 ft/s) to determine the structural
response without damage, and also with velocities at 12.2,
18.3, and 24.4 m/s (40, 60, and 80 ft/s) to determine the extent
of damage. Thus, 12 test conditions existed for each plate size,
corresponding to the three different impactor tip diameters
used at each of the four velocities. Four specimens were tested
at each of these test conditions. All data were recorded with a
high-speed digital data acquisition system.

ing coupling, and nonlinear contact behavior were included in
the present model.

The analysis is based on Lagrange's equation of motion
with the Lagrangian function L = T — V:

_ _
dt dx~ dx~

(10)

where x is the modal amplitude.
Consider a laminated plate under dynamic lateral loading.

The potential energy is given as

(11)

(K]T[D][K]dA +^\\ [y]T[A][y]dA

- \ \ P(t,x,y} dA

where the first two terms are bending and transverse shear
strain energy, respectively, and the third is the work done by
the lateral load. The notation follows that of Vinson and
Sierakowski.21 The kinetic energy of the plate is given by

(12)= w(t,x,y)2dA

Here the in-plane and rotary inertia effects have been ne-
glected, as suggested by Birman and Bert19 and Dobyns.14

Because of the use of clamped boundary conditions on two
opposing edges of the plate and free boundaries on the other
two edges in the experiments, equations were developed using
the Rayleigh-Ritz procedure. The procedure followed is based
on choosing two series of functions, or "mode shapes," which
satisfy the boundary conditions and give suitable expressions
for deflection curves in x and y directions separately. The
assumed deformed shape of the rectangular plate is then taken
as a product of these functions. Therefore the series approxi-
mation for the planar rotations and transverse displacement
can be taken as

a(t,x,y) =

^ 00

(13)

(14)

(15)

where Amn, Bmn, and Cmn are the modal amplitudes of the
plate and are to be determined. Substituting the assumed
mode shapes in the expressions for potential and kinetic en-
ergy, and then using Lagrange's Eq. (10) gives three sets of
equations with unknowns Amn, Bmn, and Cmn. Substituting
Amny Bmn in terms of Cmn yields a system of second-order

IV. Dynamic Analysis
An understanding of the dynamic response of composite

structures subjected to impact is necessary for design and also
for the assessment of damage resistance. The scaling rules give
the essential relationships between the dynamic responses of
the prototype and model. A more detailed dynamic analysis is
necessary to obtain a quantitative prediction of the plate re-
sponse. The impact problem for plates has been considered by
Tan and Sun,9 Dobyns,14 and Cairns and Lagace.15 An exact
solution is available for the simply supported case, if the
contact indentation is neglected. As the present experiments
used clamped-clamped and free-free boundary conditions on
the opposite edges of the plate, a dynamic model has been
developed using a Rayleigh-Ritz procedure to get an approxi-
mate solution.

In linear elastic plate theory,22 the effect of transverse nor-
mal stress is assumed to be small and can be neglected. The
effects of shearing deformation, in addition to bending-twist-
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Fig. 4 Comparison of strain response at location A in impact tests
on five different plate sizes, showing time scaling, V$ = 4.57 m/s.
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Fig. 5 Comparison of strain response at location B in impact tests on
three different plate sizes, showing time scaling, FO = 4.57 m/s.

ordinary differential equations for the modal amplitudes Cmn

06)
In the present study, the assumed mode shapes are taken as

beam functions, which are solutions for mode shapes of
beams under the appropriate boundary conditions.23 The
beam functions are orthogonal, permitting expansion of the
load in terms of these functions. This expansion is of the form

P(t,x,y) =

with

Pmn(t) =

p(t,x,y)Xm(x)Yn(y) dxdy

X2
m(x)Y2

n(y) dxdy

(17)

(18)

The [P} in the right-hand side of Eq. (16) is a force term, and
each component comes from taking the derivative of the work
done by the lateral load to the relative mode amplitude; that is,

dW
*mn ~ 3^ ~ Pmn X2

n(x)Y2(y) dxdy (19)

The contact force is assumed to be related to the contact
indentation by the following equation, following Sun et al.6~9:

with
F = kc?/2

(20)

where F is the total contact force on the plate, a is the local
indentation, Rs is the radius of spherical impactor, and £"22 is
the transverse Young's modulus of the plate.

The contact force is then related to the motion of the
projectile by assuming rigid-body dynamics for the projectile;
that is

F = —mu (21)

where m is the mass and u is the displacement of the projectile.
The relationship between the local indentation, projectile dis-
placement, and plate displacement at impact center is ex-
pressed by

(22)

where £ and r; give the location of the center of impact.

The contact pressure/?(/,*,;>) is simply taken as the uniform
distribution of the total contact force F(t) over a square area
Ac. This area is determined by

c = *[R2-(Rs-a)2] (23)

The two sets of Eqs. (16) and (21) along with the contact
laws given by Eqs. (20) and (22) were solved simultaneously.
Because of the nonlinearity of the contact deformation rela-
tionship, the above equations were solved numerically, using
the Newmark method with 0 = V*, which gives an uncondi-
tionally stable solution.

The constitutive properties utilized for the AS4/3501-6 car-
bon/epoxy lamina were

En = 137.8 GPa (20.0 Msi) E22 =11.02 GPa (1.60 Msi)

G12 = 6.20 GPa (0.9 Msi) G23 = 3.78 GPa (0.55 Msi)

v12 = 0.28 v23 = 0.34

with a mass density of 1540 kg/m3 (0.0556 lb/in.3) and a per
ply thickness of 0.134 mm (0.00528 in.).

V. Results
Impact experiments were carried out at four velocities on

five sizes of specimens, using projectiles of three different
diameter tips for each specimen size. In general, the results
were quite reproducible among replicate specimens. Some dif-
ficulty was experienced with strain gage failure, particularly in
the x direction and with the large strain gages. In an attempt
to verify that the experiments followed the scaling rules, the
strain responses in the y direction measured behind the impact
point (location A in Fig. 3) for five sizes of specimens are
given in Fig. 4, all at the same impact velocity of 4.57 m/s (15
ft/s). The strain responses in the x direction measured away
from the impact center (location B in Fig. 3) for three sizes of
specimens X = 1, 2, and 4 are given in Fig. 5, also at a velocity
of 4.57 m/s. Here the time scale has been multiplied by I/A, in
accordance with the time scaling discussed above. The results
indicate that the strain in the different plate sizes exhibits the
same response if time is scaled by X. Clearly, this is a strong
verification of the scaling rules.

Figure 6 shows the strain responses of the 100-mm (4 in.)
specimens to the 3.18, 6.35, and 12.7 mm (!/8, 1A, and !/2 in.)
diameter tup projectiles with mass of 23 gm (0.051 Ib), at an
impact velocity of 4.57 m/s. The response shows a relatively
small effect of the tup diameter. Clearly, the contact stiffness,
which varies with the impact tup size as shown in Eq. (20),
does not play a major role in the response. This lack of
sensitivity to the contact stiffness was also observed in the
analysis results.

7000

200 400 600 800
Time ( microseconds )

1000

Fig. 6 Measured strain response at location A in 100-mm plate for
three different tup sizes, KO = 4.57 m/s.



JUNE 1990 IMPACT RESPONSE IN CARBON / EPOXY PLATES 1073

200 400 600 800
Time ( microseconds )

1000

Fig. 7 Comparison of analysis with experiment for ex at location A
in 100-mm plate, FO = 4.57 m/s.
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Fig. 8 Comparison of analysis with experiment for tx at location B in
100-mm plate, VQ = 4.57 m/s.

Figures 7 and 8 show the comparison of the measured and
predicted x -direction strain response on the back side of the
plate at the impact point and at a distance away from the
impact center, corresponding to locations A and B, respec-
tively, in Fig. 3. It can been seen that the strain compares very
well between analysis and experiment. The predicted period is
somewhat less than the measured value, which was observed in
all of the comparisons.

Figures 9 and 10 give the measured peak strain at locations
A and B of the specimens, along with the predicted peak
values. Basically, the strain varied almost linearly with the
impact velocity, indicating that the nonlinear effects associ-
ated with the indentation are not particularly significant. The
analysis gives a very good prediction for the peak strain away
from the impact center. It is noticed that there is a significant
difference between predicted and measured peak strains be-
hind the impact point at the higher impact velocities. This
probably is due to material damage effects being neglected in
the dynamic model.

The experiments were carried out so that damage would be
developed in the plates at higher impact velocities. This dam-
age took the form of indentation at the impact point, matrix
cracking, broken fibers, and delamination. An extensive pro-
gram to determine the level of damage in the specimens is
underway. Some results will be reported in Ref. 24.

VI. Discussion
Economic considerations of design and testing of large com-

posite structures have led to a growing interest in the use of
structural scale model testing and the application of the princi-
ples of similitude to the design evaluation of fiber composite
components. It is, therefore, very important to understand
scaling of experimental results. In the present study, the exper-

imentally measured impact response in the different-sized
plates was compared with the scaling rules obtained by exam-
ining the linearized impact response problem. The results
shown in Figs. 4 and 5 indicate that the strains in the geomet-
rically scaled plates exhibit the same response at constant
impact velocity if time is scaled by X and the impactor mass is
scaled by X3.

The use of the contact indentation stiffness is important in
the analysis, as distributing the contact force over the contact
area eliminates the singularity in strain predicted for a point
load. On the other hand, both the experiments and the analy-
sis were not particularly sensitive to the specific values used
for the contact stiffness. For example, Fig. 6 shows that the
experimentally measured strains behind the impact point were
not sensitive to the size of the impact tip. Furthermore, the
linearity of the strains with impact velocity shown in Figs. 9
and 10 indicates that the nonlinearity associated with the
contact stiffness is not a major factor in determining the
impact response of the plate. The analytical results also sup-
ported this point.

The formation of damage will be subject to scaling laws
more complicated than that governing the linear structural
response. As discussed by Morton,20 if the failure processes
follow a fracture-mechanics model, size effects will be impor-
tant and strength will not scale. The trend will be for smaller
specimens to be stronger. Work done in the present program24

supports this view, in which the larger specimens showed
significantly more delamination than their smaller counter-
parts.

The convergence of the Rayleigh-Ritz procedure was also
examined. Because of the symmetric geometry of the plate and
impact loading, only those mode shapes symmetric about the
plate center were involved in the calculation. The numbers of
assumed modes used ranged from 8 x 8 to 20 x 20. The results
showed convergence of strain behind the impact point when
the number of modes reached 15 x 15. This is true for these
particular plates under the clamped-clamped and free-free
boundary conditions used at present. The analysis results also
showed that even higher modes should be included to obtain
good accuracy for strains if the boundary conditions were
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Fig. 9 Effect of impact velocity on ey at location A for five different
plate sizes with largest tups.
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Fig. 10 Effect of impact velocity on ex at location B for three dif-
ferent plate sizes with largest tups.
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changed to simply supported conditions. It is important to
choose an appropriate number of assumed modes for a given
plate and given boundary conditions.

VII. Summary and Conclusions
The scaling rules for laminated plates subjected to impact

loading were obtained from the differential equations govern-
ing the linear impact problem. An experimental program was
conducted on AS4/3501-6 carbon/epoxy laminates to deter-
mine the accuracy of the scaling. This was accomplished by
scaling the dimensions of the plates, impactors, and strain
gage sizes by a factor ranging from one to five. The measured
strain responses at velocities where significant material dam-
age was not produced were found to follow the scaling very
closely. An analysis based on the dynamic equations showed
excellent agreement with the experiments, and supported the
conclusions of the experiments regarding scaling rules.
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